Abstract-Vibro-acoustography (VA) is an ultrasound-based imaging modality that uses two ultrasound beams of slightly different frequencies to produce images based on the acoustic response due to harmonic ultrasound radiation force excitation at the difference frequency between the two ultrasound frequencies. VA has demonstrated feasibility and usefulness in imaging of breast and prostate tissue. However, previous studies have been performed either in controlled water tank settings or using a prototype breast scanner equipped with a water tank. In order to make VA more accessible and relevant to clinical use, we report here on the implementation of VA on a General Electric Vivid 7 ultrasound scanner. In this paper, we will describe software and hardware modifications that were performed to make VA functional on this system. We will discuss aperture definition for the two ultrasound beams and beamforming using a linear array transducer. Experimental results from beam measurements and phantom imaging studies will be shown. The implementation of VA provides a step towards clinical translation of this imaging modality for applications in various organs including breast and prostate.
INTRODUCTION
Vibro-acoustography (VA) is an imaging modality that uses the dynamic acoustic radiation force to push on tissue and measure the acoustic response of that stimulation or acoustic emission [1, 2] . The formation of this dynamic acoustic radiation force is done by using two ultrasound beams that are focused to the same spatial location. The ultrasound frequencies used are in the range of 1-10 MHz and the frequencies used for the separation of beams typically range from 10-100 kHz. The images produced are free of the speckle associated with B-mode images.
VA has been studied in a number of different organs such as breast [3] [4] [5] [6] and prostate [7, 8] . In vivo human breast VA images were acquired using a stereotactic mammography system combined with a custom-made water tank that housed a two-element transducer [4, 5] . The transducer was mechanically raster-scanned over a 5.0 x 5.0 cm region to create an image in a C-scan orientation. That type of scan took about 7 minutes.
An ideal clinical VA system would utilize a standard ultrasound scanner and array transducers. This would include forming VA beams with linear array transducers. VA and B-mode ultrasound images could be acquired from the same tissue volume, and the images could be compared by a physician. There would be no need for a water tank, and contact transducers could be used either on the skin or with a stand-off pad. Implementation in a linear array system provides significant time savings due to electronic scanning of the two ultrasound beams along the azimuthal direction of the transducer, as well as the ability to electronically focus the beams at different depths. The transducer would still have to be mechanically translated in the elevation direction to obtain C-scan images at each focal depth.
II. METHODS

A. System Overview
We have implemented VA on a General Electric Vivid 7 ultrasound scanner (GE HealthCare Ultrasound Cardiology, Horton, Norway) using software and hardware modifications. An illustration of the implementation is shown in Fig. 1 where two ultrasound beams are transmitted from the transducer. The intersection of the beams is electronically swept in the azimuthal direction of the transducer and then mechanically scanned in the elevation direction of the transducer. Different planes can be imaged by changing the electronic focal depth. The interaction of the two ultrasound beams in the tissue produces an acoustic signal at the difference frequency, Δf, between the two ultrasound beams. The acoustic signal is detected by a hydrophone and the This work was funded in part by grants CA121579, CA127235, and CA091956 from the National Institutes of Health. Disclosure of Conflict of Interest: Mayo Clinic and some of the authors have a potential interest related to the technology referenced in this paper.
signal is filtered, amplified, digitized, and processed for image formation and display.
The four main components of the system are the control computer (PC), ultrasound scanner and transducer, mechanical slider, and hydrophone and associated electronics. The PC, which is external to the ultrasound scanner, uses an interface built using LabVIEW (National Instruments, Austin, TX). Through this LabVIEW interface, the control computer communicates with the Vivid 7 scanner using a TCP/IP socket-based client-server protocol. Instructions are sent to the scanner to set and check parameters and initiate scanning. The parameters include the ultrasound frequencies, Δf, the beam repetition rate, and the transmit focus depth. Once all the parameters are set for the scan, the scan is started. An instruction is sent to the scanner to transmit the beams that make up one raster line of a Cscan image. Transmitting the beams for one line in a VA Cscan is analogous to transmitting one frame for B-mode imaging. The scanner emits a trigger signal when each beam is transmitted, which is used to synchronize the digitizer in the PC (ATS330, AlazarTech, Montreal, QC, Canada) for collecting the acoustic emission data from the hydrophone (6050C, ITC, Santa Barbara, CA). After all the beams have been transmitted, the PC sends an instruction to the motor controller for the mechanical slider via an RS-232 connection, and the motor moves in the elevation direction of the transducer a specified distance. This process repeats until the end of the scan. A block diagram of the system is shown in Fig. 2 . 
B. Signal Generation
The transmit circuitry of the Vivid 7 can create somewhat arbitrary pulse trains. This is accomplished by specifying the duration of each half cycle of the waveform in terms of periods of a master clock at frequency F c . An appropriate number of clock cycles, N, is chosen to produce the desired ultrasound frequency emitted by the transducer. For VA, we need to transmit two long tonebursts at different frequencies to produce the low frequency difference signal, which are produced by occasionally lengthening one or more of the half cycles of one or both of the waveforms relative to the other waveform. This causes the frequency spectra of the two signals to shift with respect to each other, resulting in the low frequency beat signal. We can instruct the transmitter circuitry to generate repeating "packets" of tonebursts. The fundamental ultrasound frequency is specified by N (the number of clock cycles in a cycle). The number of half-cycles in a "packet" is referred to as K. Finally, the number of extra clock cycles to be added to each packet is referred to as L. Each of the two waveforms is specified by a (N, K, L) tuple. The transmitter circuitry is set up to continuously output these packets for each beam for 800 μs, but the final output is amplitude modulated (shaded) by a single cycle of a 3 kHz raised sine wave, as will be discussed later. Fig. 3 illustrates the definitions of the parameters. The parameters (N 1 , K 1 , L 1 ) and (N 2 , K 2 , L 2 ) describe the two waveforms. The nominal ultrasound frequencies of the two waveforms are given as F 1 = F c /N 1 and F 2 = F c /N 2 , where F c is given in megahertz. We define N chc1 = N 1 /2 and N chc2 = N 2 /2, where N chc1 and N chc2 are the number of clock cycles in a half cycle of waveform 1 (at frequency F 1 ) and waveform 2 (at frequency F 2 ), respectively. Then the average periods of the two waveforms are given in units of microseconds by
The center frequency of beams 1 and 2, given in megahertz, are f 1 = 1/T 1,avg and f 2 = 1/T 2,avg , respectively. The resulting beat frequency, Δf, is given in units of kilohertz as
The system-calculated beamforming delays are (essentially) independent of frequency, and thus there is no need to modify these calculations for VA. We simply choose the transducer and an application setup appropriate for the anatomy to be studied, allow the system to scan in normal B-mode, and then issue commands to the system to configure itself for VA mode. These commands include the values for (
, pulse repetition period, and frequency assignments for the elements.
Typically the transmitted vibro-acoustic signal is a shaded toneburst longer than 100 µs. Shading is used to prevent transient turn-on/turn-off effects in the transducer from producing acoustic artifacts in the image. Such a shaded toneburst signal could not be produced internally by the Vivid 7 system, external hardware was added to provide the necessary waveform. Additionally, to obtain adequate power levels for VA to be feasible in humans, an external power supply was added to the system to replace the internal transmit power supply. This was accomplished using a function generator (33120A, Agilent, Santa Clara, CA) driving a two-channel linear power amplifier (LVC-623, AE Techron, Elkhart, IN). The raised sine wave output signal from the function generator is split into inverted and noninverted forms, which drive the power amplifier inputs. The power amplifier outputs (30 V peak ) become the positive (+V ps ) and negative (-V ps ) power supply inputs to the transmit board in the Vivid 7. To accommodate the dynamic power supply signals, it was necessary to modify the transmit board by removing much of the power supply lines' on-board capacitance. The slew rate for the transmit board power supply voltages was limited to 0.2 V/µs, due to circuit board heating effects, so the transmit toneburst was shaded using a single cycle of a raised sine wave at frequency 3 kHz, so the toneburst was 333 μs long.
C. Beamforming
VA relies on the intersection of two beams. Beamforming for VA has been studied in a number of different configurations including amplitude modulation (AM), confocal, X-focal, and linear arrays [2, 9, 10] . With linear array transducers this is accomplished by dividing the active aperture into two subapertures. The VA software allows arbitrary assignment of the two frequencies to the available 128 system channels. We consider two types of frequency assignment in this paper. The first configuration splits the active aperture into two equal subapertures that are adjacent, which we denote the Split (Spl) configuration. If we assume 128 channels, then 64 are assigned f 1 and the other 64 are assigned f 2 . The second configuration again assigns 64 channels to f 1 and 64 to f 2 , but they are arranged, 32 at f 1 , 64 at f 2 and another 32 at f 1 . We denote this as the Symmetric (Sym) configuration. The focal spot of the co-focus of the beams can either use a static active aperture and steer the two ultrasound beams to different locations, or we can fix the focusing time delay law and translate the active aperture along the full aperture of the transducer.
III. EXPERIMENTS
A. Simulations
We can simulate the ultrasound fields produced by a General Electric 10L transducer in the different configurations above as well as steered beams to assess typical resolution and sidelobe levels. These simulations performed with Field II [11] , provide a platform to compare beamforming approaches to optimize the performance of the VA excitation. Field II simulations provide the linear pressure fields from the two subapertures that are denoted as p i (r,t) = P i (r)cos(2πf i t+φ i (r)) where P i (r), f i , and φ i (r) (i = 1, 2) are the amplitude, frequency, and phase, respectively, at location r. VA is based on the radiation force of ultrasound and the force is proportional to the short-term time average of the squared total pressure which can be written as 
where Δf = f 1 -f 2 , 〈⋅〉 is the short-term time average, p(r,t) is the total pressure (p(r,t) = p 1 (r,t) + p 2 (r,t)).
To extract the dynamic component, the last term in (4), we perform a simulation with both subapertures active and simulate the total pressure at each location, square the pressure, calculate a fast Fourier transform (FFT) and extract the amplitude or magnitude of the component at Δf.
We evaluated the radiation force component at Δf for the GE 10L transducer. We performed our simulations with f 1 = 5.00 MHz and f 2 = 4.95 MHz with an electronic focus at a depth of z = 25 mm. We focused along the azimuthal direction at x = 0, in the Spl and Sym configurations.
B. Ultrasound Field Measurements
We measured the pressure fields produced by the 10L for beams focused at the same locations as were evaluated in the simulations in order to validate the simulation results. The pressure was measured using a needle hydrophone with an active element with 0.200 mm diameter and a 20 dB preamplifier (HGL-0200, AH-2000, Onda Corporation, Sunnyvale, CA) that was scanned in the azimuthal/axial plane of the transducer. The same frequencies and focal depth used in the simulations were used. The measured pressure was squared and low-pass filtered to perform the short-term time average. The magnitude of the FFT component at Δf was extracted for each measurement point.
C. Phantom Imaging
A urethane breast phantom with distributed lesions (CIRS Model 013, Norfolk, CT) was placed in a large water tank and scanned with the 10L transducer. The surface of the phantom was placed 10 mm from the transducer surface. The transducer was mechanically translated over the phantom. The hydrophone was placed underneath the phantom and out of the way of the ultrasound propagation. Images were acquired using the Spl and Sym configurations.
In our work we have found that a deterministic variation in the magnitude of the acoustic emission signal along the azimuthal direction arises which we have not been able to definitively identify its source. When the transducer is mechanically scanned, these variations manifest as streaks in the horizontal direction. We have devised a streak removal algorithm based on a moving window method that estimates the vertical amplitude variation profile and divides it from the image data. The images shown have been corrected for this artifact, the background gray level was removed to improve the contrast, and gamma correction was applied.
IV. RESULTS
The field produced by the Spl configuration has larger azimuthal resolution than the Sym, but smaller axial resolution. It is also noteworthy that the azimuthal sidelobes of the Sym configuration are quite high, -7.65 dB with respect to the main lobe, whereas the sidelobes for the Spl configuration are -25.64 dB. Figure 4 shows a comparison between azimuthal and axial profiles from the simulations and experimental measurements. The profiles matched well for the Spl and Sym configurations. Figure 5 shows the images of the breast phantom. The transducer was mechanically translated in the horizontal direction (y-direction), and the azimuthal direction of the transducer corresponds to the vertical axis of the image (xdirection). The two large lesions on the bottom of the image were in focus in these images. The brightness of the lesions and the presence of fine detailed edges are ways to differentiate which lesions are in focus and which are not. Other lesions can be detected such as those in the upper corners, which appear darker because they are deeper in the phantom. The lesions look similar in the images but some differences were observed which can be attributed to the different point-spread functions (PSF's) used for the images. 
V. DISCUSSION
The different configurations provide different azimuthal and axial resolutions as shown graphically in Fig. 4 . The high sidelobes present in the Sym configuration may be prohibitive in practice despite the very good azimuthal resolution. The results in Fig. 4 validate the Field II simulations for two configurations. Validation of the Field II simulations is important because we can evaluate and optimize the VA PSF's using simulation and then translate that to practice for different applications. Figure 5 shows the results of imaging a breast phantom. The two lower lesions in the breast phantom are easily detectable with good edge definition. The lesions in the top of the image do not appear the same as those in the lower portion of the image, because they are out-of-plane axially.
This implementation of VA on the Vivid 7 was accomplished primarily through software modifications. VA takes advantage of the transmit beamformer already implemented on the Vivid 7 for electronic focusing and scanning of the beam. This saves time that would have been spent in mechanical translating a transducer in one direction.
There are some limitations for implementation of VA on this clinical scanner. We had to supplement the power supply with an amplifier to achieve power levels adequate for VA imaging. This addition could be avoided in the future either by implementation on a scanner with a more robust power supply or by redesigning the power supply of the Vivid 7. VA is inherently a C-scan method, so we need to translate the transducer in the transducer's elevation direction. This involves a full motorized assembly. We also need the hydrophone to be in contact with the patient during scanning. This is not a significant issue but placement of the hydrophone may have to be optimized for each application.
VI. CONCLUSION
We have described the design and implementation of vibro-acoustography on a clinical GE Vivid 7 scanner. We modified the transmit signals to produce a difference frequency in the kilohertz range and demonstrated the beamforming design for VA using a linear array transducer. We evaluated the beamforming with simulations in Field II and validated the numerical results with experimental measurements. Lastly, we showed imaging results using two different configurations of the apertures for a breast phantom. The implementation of VA on a clinical scanner provides a substantial opportunity for translation of this imaging modality for clinical imaging of various organs.
